The behaviour of virus-specific antigen-antibody complexes at the plasma membrane of HeLa cells infected with influenza virus (AoPR8) was studied by immunofluorescence-and immunoelectron-microscopy. As early as 7 h after infection the virus-induced plasma membrane antigens are evenly distributed over the surface of the infected cells. The addition of antiviral antibodies interferes with this distribution. The appearance of a subsequent patchlike and 'capping' distribution, followed by the disappearance of virus antigen-antibody complexes from the cell surface, is described. These findings demonstrate the potential mobility of virusinduced antigens in the plane of the cell surface.
INTRODUCTION
The concept of maturation and release of myxoviruses by budding from the cell surface is based on early electron microscopic studies of cells infected with influenza virus (Murphy & Bang, I952) . By means of ferritin-labelled antibodies it was later found that new virusinduced antigens are present at the plasma membrane of infected cells (Morgan et al. I960 . These antigenically altered sites form the envelope of new virions by budding processes Rose & Morgan, I966; Morgan et al. 196I) .
Numerous cytological experiments have proven the mobility of certain protein molecules at the level of the plasma membrane. Results obtained from studies on lymphocytes (Taylor et al. t97I ; Davis, 1972; Unanue, Perkins & Karnovsky, I972) and other cell types (Edidin & Weiss, I972; Leonard, I973) have led to the conclusion that the capacity of these molecules to move in the plane of the cell surface is an almost general biological feature (Singer & Nicolson, I972; Singer, I973) .
The present work, carried out on HeLa cells abortively infected with influenza virus (Henle, Girardi & Henle, I955) , is aimed at investigating the initial distribution of virusinduced plasma membrane antigens at the cell surface and its subsequent alterations after contact with virus-specific antibodies.
METHODS
Virus. Influenza virus Ao, strain PR8, was used exclusively. The virus was grown on 1 Iday-old chicken embryos for 48 h at 35 °C-Amniotic and allantoic fluids were collected, centrifuged at 2ooog for 3o rain, and the supernatant fluid was stored in small ampoules at -7o °C. A single pool was used for all experiments described here. For immunization G. RUTTER AND K. MANNWEILER of animals the virus was grown on I4-day-old duck embryos. After incubation at 35 °C for 48 h the virus was harvested, concentrated 2o-to 3o-fold by a single centrifugation at 4oooog for I h, and stored at -70 °C until used.
The virus was titrated for haemagglutinin and infectivity according to the standard procedures (Robinson & Dowdle, 1969) .
Cell cultures. HeLD cells (Flow Laboratories, Scotland) were grown at 37 °C in medium 199 (M I99, Gibco, USA), with 5 ~ (v/v) inactivated calf serum. They were suspended by means of trypsin (0"25 ~, w/v) in phosphate-buffered saline (PBS; o'~5 M-NaC1, 0.02 Mphosphate buffer, pH 7"4) or suspended and seeded into tubes containing coverglasses at a concentration of 4 x io s cells/ml. The medium was decanted after 24 h and the cells were infected with virus at a multiplicity of infection (m.o.i.) of Ioo IDs0/cell. After adsorption for 3 ° min at room temperature the unabsorbed virus was removed by washing three times with PBS, the cultures were fed with fresh M ~99 plus 3 ~ (v/v) inactivated calf serum and further incubated at 37 °C.
Sera against influenza and NDV concentrates obtained from duck-egg allantoic fluids were produced according to a previously published procedure (Mannweiler & Rutter, I975) . They were inactivated for 2o rain at 62 °C, titrated by using the haemagglutination inhibition reaction against four haemagglutinin units (Robinson & Dowdle, 1969) , and stored in small samples at -2o °C. Peroxidase-labelled anti-rabbit gamma globulin antibodies (Po anti Ra) were obtained as already described (Mannweiler & Rutter, I975) . Fluorescein-labelled anti-rabbit gamma globulin (F anti Ra) was purchased from Sevac, Prague.
Staining procedures. The coverglass cultures were rinsed routinely with cold PBS (o °C) and layered with o-I ml of 1/20 (V/V) rabbit anti-influenza serum (Ra anti A0). The excess serum proteins were removed 5 min later by washing three times with PBS. The cells were stained for another 5 min with F anti Ra and again washed. The entire staining procedure, lasting for no longer than 15 rain, was carried out at 4 °C with reagents cooled in an ice bath. Subsequently, the cultures were either fixed with z ~(w/v) buffered formalin solution (Graham & Karnovsky, I966) or fed with fresh warm medium and further incubated for up to 3 h at 37 °C. The stained cell cultures were placed on slides with buffered glycerin (pH 8) and examined in a Zetopan microscope (Reichert) using u.v. light and dark field condenser. A blue filter BU I2/2 mm served as excitation filter and a combination of two filters (OG I]I.5 + GG 9]I) was used as barrier filter.
Staining in suspension of infected cells. Prior to processing, infected monolayer cultures were suspended with the use of versene (o.2 g, o]oo (w/v) in PBS) and further incubated at 37 °C for 2 h in M I99 with 3 ~ (v/v) calf serum. Thereafter, the timetable was the same as for the staining of the coverglass cultures, but washing was done by centrifugation for 5 min at 6oo g.
Electron microscopy. For immunoelectron microscopic studies only coverglass cultures were used. The labelling procedures were the same as for immunofluorescence investigations. Cells were treated with Po anti Ra instead of F anti Ra. After the reaction, the cultures were either fixed immediately or further incubated for up to 3 h in fresh M I99 with 3 (v]v) calf serum at 37 °C. In addition, some preparations were first treated only with Ra anti A0, further incubated for 3 h at 37 °C, and then exposed to Po anti Ra. contrasted with uranyl-acetate and lead citrate and examined in a Siemens electron microscope (Elmiskop I).
For total inhibition of cell mobility cell cultures were fixed for 2 min with 2 ~ (v/v) formaldehyde.
The following preparations served as controls for the specificity of labelling: (a) normal HeLa cell cultures inoculated with allantoic fluid from uninfected chicken embryos instead of virus (mock infection); (b) AoPRS-infected HeLa cells treated with anti-NDV rabbit immune sera instead of Ra anti AoPR8 prior to reaction with F anti Ra or Po anti Ra; (c) HeLa cells infected with AoPR8 and stained with Ra anti A0 sera previously absorbed three times with AoPR8 virus concentrates (for immunofluorescence only).
RESULTS
Positive fluorescence at the plasma membrane of infected cells was first detected approx. 4 h after infection. Maximal fluorescence was observed between 8 and IO h after infection without any remarkable fluctuations until the end of the investigation (3 6 h p.i.). Preparations stained in the cold and subsequently fixed showed an even and homogeneous distribution of fluorescence at the surface of the infected cells (Fig. I a) . Gentle fixation of coverglass cultures with z ~ (v/v) formaldehyde solution before incubation with immune sera has no influence on the even distribution pattern of plasma membrane antigens.
In electron microscopy, as early as 7 h after infection the first bud-like processes with the appearance of particles characteristic for influenza virus were seen (Mannweiler & Rutter, 1974) . After incubation with peroxidase-labelled antibodies, deposits of electron-dense (peroxidase-positive) material were demonstrable. In pre-fixed cells of cultures 17 h after G. RUTTER AND K. M A N N W E I L E R infection the entire plasma membrane, as well as the microvillous processes, was evenly coated with peroxidase-positive material (Fig. 2 a, b ). Cultures stained with F anti Ra at 4 °C and incubated for ~o min at 37 °C before fixation revealed a complete redistribution of the antigen-antibody complexes at the cell surface, bright zones alternating with areas devoid of fluorescence (Fig. 3a) . showed the same patchy distribution regardless of the level of focus. More than 90 ~ of the cells in culture revealed patches at the plasma membrane. Electron microscopic pictures of similarly treated cultures no longer showed a homogeneous distribution of peroxidasepositive material on the plasma membrane (Fig. 4a) . Peroxidase-free areas extending over several/~m were observed (Fig. 4b) .
Prolonged incubation of cultures treated.with antibodies (up to 3 h) at 37 °C led to new changes in the position of the fluorescing masses on the plasma membrane. The fluorescence zones seemed to undergo fusion; they decreased in number but increased in size. A small number of cells showed only a single fluorescent mass, normally in the region of the nucleus (Fig. 5 a) . The remaining cell body was free from fluorescence and difficult to photograph. The number of cells which revealed a single fluorescent zone was low and represented no more than 3 to 5 ~. These figures were reached after about 45 rain incubation at 37 °C and remained constant until the end of the observation period (3 h).
The electron microscopic investigations of these cultures sometimes showed peroxidasepositive material only on virus-like particles (Fig. 6 a) .
The most striking finding, however, was a retraction and shift of peroxidase-labelled plasma membrane portions to some areas of the cell (Fig. 6 b, c) . Another prominent feature was the incorporation of labelled material into the cytoplasm of the cell in the form of endocytosis-like processes (Fig. 6c) .
In cultures which I7 h after infection had received Ra anti A0 and which had been stained with Po anti Ra after re-incubation for 3 h at 37 °C, only the virus-like particles deposited on the cell surface revealed peroxidase-positive material (Fig. 7) , while cytoplasmic inclusions of labelled osmophilic material were not detected.
The cells stained in suspension appeared to be comparatively smaller than coverglass cells. As a rule, depending on the duration of incubation at 37 °C, they showed the same pattern of fluorescence distribution at the plasma membrane of infected cells. Preparations stained in the cold, as well as those treated with antibodies after slight fixation with formaldehyde, revealed an even, unbroken fluorescent circumference (Fig. I b) . Incubation at 37 °C elicited within I o min a spot-like distribution of fluorescence at the level of the cell plasma membrane (Fig. 3 b) . Prolonged incubation time at 37 °C led to aggregation of the fluorescing masses (Fig. 5b) . Similar to experiments with coverglass cultures, the percentage of cells in which antigen-antibody complexes formed a single zone at one pole was no higher than 5 ~ and reached its maximum after incubation for 45 min.
The staining of infected cultures with Ra anti AoPR8 sera repeatedly absorbed to AoPR8 virus concentrates revealed only occasionally very weak fluorescence, making photography impossible.
Mock-infected cultures consistently failed to show fluorescent or peroxidase deposits. HeLa cells infected with AoPR8 likewise remained negative when they were stained with rabbit anti-NVD sera prior to adding F anti Ra or Po anti Ra. In electron microscopy the mock-infected cells showed no specific alterations at their plasma membrane in the form of budding processes, and no deposits of peroxidase-positive material were found after incubation with labelled antibodies (Fig. 8) . The cell organelles in their ultrastructural aspect were free of rough alterations if the cells had been carefully handled during the incubation procedures.
DISCUSSION
Immunological and morphological studies of the plasma membrane of cells infected with myxo-and paramyxoviruses have demonstrated the presence of newly synthesized virus antigens at the cell surface (Choppin et al. I972; Rifkin & Quigley, I974) .
The experiments described in this paper were carried out using labelling techniques designed to demonstrate antigenic structures of virus origin exclusively at the surface of infected cells. The results showed an even distribution of virus antigens at the plasma membrane of cells stained in the cold (Fig. ~ a, b; 2 a, b) . The same findings were obtained on cells pre-fixed with formalin, i.e. after treatment, which as a rule prevents movement of molecules at the level of the cell surface (De Petris, Raft & Mallucci, I973; Inbar et al. 1973) . It may therefore be concluded that the virus antigens on the plasma membrane are originally evenly distributed. The discrepancy between these results and those reported in past electron microscopic studies, in which a mainly patch-like distribution of virus antigens was found at the surface of infected cells in experiments done with ferritin-labelled antiinfluenza antibodies (Morgan et al. I96I ; , is probably based on the fact that the immunoperoxidase technique applied here is more sensitive and more antigenic sites can be detected on the plasma m e m b r a n e than with ferritin preparations (Bretton, Ternynck & Avrameas, ~972) .
Redistribution of a n t i g e n -a n t i b o d y complexes on the plasma m e m b r a n e -demonstrable b o t h with immunofluorescence and immunoenzymatic t e c h n i q u e s -t a k e s place rapidly; incubation for only I0 min after labelling at 37 °C suffices for inducing the familiar patchlike distribution at the cell surface ( Fig. 3a, b; 4a, b) . Disappearance of a n t i g e n -a n t i b o d y complexes from some sections of the plasma m e m b r a n e (Fig. 4b) , however, does not seem to be caused by the release of stained virus structures or labelling antibodies into the medium because the total a m o u n t of antibodies at the cell surface, as measured by the peroxidase G. RUTTER AND K. MANNWEILER activity, remains constant for several hours (personal observation). Furthermore, the results obtained by other authors also show that the addition of antiviral antibodies to cell cultures infected with influenza virus completely inhibits the release of new virus particles into the medium (Dowdle, Downie & Laver, 1974) .
Extended periods of incubation after labelling lead to visible accumulation of antigenantibody complexes, in some cells to complete fusion of fluorescence at a single region of the cell (Fig. 5 a, b) . On suspension cells this pole-like aggregation produces a distribution of fluorescence which resembles the capping of gamma globulin receptors on the plasma membrane of lymphocytes (Taylor et al. 197I ; Fig. 5b ). The rarity of such capped cells, in contrast with investigations of lymphocytes, where the 9 o %o mark is reached, is to be stressed because structures of this type are not visualized with certainty in the electron microscope. The anchoring of virus-induced antigens in the plasma membrane, which presumably differs from that of the gamma globulin molecules on the lymphocyte surface, might offer an explanation for these discrepancies. Alternatively, the formation of capping might represent a characteristic feature of the plasma membrane of definite cell types (Edidin & Weiss, 1972) , and in our case HeLa cells are probably poor cap-forming cells. It is possible that both of these factors play a role in the mobility of virus antigens on the cell surface.
Prolonged incubation after staining -for instance, 3 h as in our experiment -reduces the amount of contrast-rich material at the cell surface (Fig. 6a) . The major part of the osmiophilic material is demonstrated in vacuole-like configurations in the cytoplasm (Fig. 6b, c) . Labelling infected cells briefly with Ra anti A0 and incubating them for 3 h at 37 °C before staining with Po anti Ra produces preparations where no traces of peroxidase-induced deposits can be detected in the cytoplasm (Fig. 7) . We assume that the virus-antibody complexes engulfed in the cytoplasm during the 3 h incubation period are no longer in contact with the cell surface and, hence, inaccessible to the Po anti Ra in the second step of the labelling procedure.
Just as A0 PR8 influenza virus induces an abortive infection in HeLa cell cultures (Henle et al. 1955) , the results described here may likewise represent only a particular case. On the other hand, it would seem that the type of infection -permissive or abortive -is not decisive for the fate of immune complexes on the surface of infected cells. In this context it may be noteworthy that BHK 2~ adapted fowl-plague virus (strain Dobson), producing a complete infection in this culture (Zfivada, 1969) , induces plasma membrane antigens which show the same even distribution and a similar pattern of alterations after the addition of virus antibodies (U. Schievelbein, in preparation). However, reports in recent years from studies of plasma membrane antigens (Rutter & Mannweiler, 1973; Ehrnst, Weiner & Norrby, 1974; Phillips & Perdue, 1974; Lampert, Joseph & Oldstone, 1975) or lectin-binding structures (Becht, Rott & Klenk, 1972; Poste & Reeve, 1974) on virus-infected cells generally speak for the mobility of virus components at the level of the cell surface.
The similarity of these antibody-induced movements of virus antigens on the infected cells with those observed at the surface of lymphocytes (Antoine et al. ~974; De Petris & Raft, 1972; Rosenthal et al. 1973 ) and other cell systems (Edidin & Weiss, I972; Lampert, Joseph & Oldstone, 1975) would point to the fact that this mobility is a common property of plasma membrane components, be it of normal or virus origin.
We express our appreciation for the excellent technical assistance given by Ingrid Andresen, Christopher L. Baigent, and Gisela Sch6nmuth-K611n.
